b r i e f c o m m u n i c a t i o n s
Small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) is a rare, highly aggressive form of ovarian cancer primarily diagnosed in young women. We identified inactivating biallelic SMARCA4 mutations in 100% of the 12 SCCOHT tumors examined. Protein studies confirmed loss of SMARCA4 expression, suggesting a key role for the SWI/SNF chromatin-remodeling complex in SCCOHT.
SCCOHT is a rare, aggressive form of ovarian cancer diagnosed in young women that is generally fatal when it spreads beyond the ovary. SCCOHT represents less than 1% of all ovarian cancer diagnoses, with fewer than 300 cases reported in the literature thus far 1, 2 . The mean age at diagnosis is 23 years, and, unlike with the more common types of ovarian cancer, the majority of affected women present with early-stage disease 3 . Nonetheless, most patients relapse and die within 2 years of diagnosis, regardless of tumor stage, with a longterm survival rate of only 33%, even when disease is confined to the ovary at diagnosis 4 . There are no reliable adjuvant treatments that improve disease outcome, but multi-agent chemotherapy is thought to extend survival 1, 5 .
The tissue of origin for SCCOHT remains speculative, and SCCOHT is still categorized as a miscellaneous tumor by the World Health Organization. Most tumors are unilateral, and tumor size of greater than 10 cm in diameter may be prognostically favorable 1 . Histological classification can be challenging, but commonly expressed immunohistochemical markers can be useful in excluding histological mimics 6 . Because there is an unmet need for better therapeutic options in SCCOHT, we performed target capture and massively parallel DNA sequencing to identify recurrent somatic mutations.
Sequencing of all protein-coding exons in 279 cancer-related genes for 12 paired tumor and normal SCCOHT samples identified inactivating biallelic SMARCA4 mutations in each case. The tumor and normal samples were sequenced to a mean depth of 442× across all genes. A minimum depth of 100× was achieved in 97% of targeted exons in tumors. The SMARCA4 somatic mutations identified in the tumor samples are shown in Supplementary Table 1. The probability of identifying SMARCA4 mutations in all 12 samples is less than 2.22 × 10 −16 . Only 4 additional non-recurrent somatic mutations were identified in any of the other 278 genes sequenced across all 12 samples (Supplementary Tables 2  and 3 ). In contrast, an analysis of 4,784 non-hypermutated tumors across The Cancer Genome Atlas (TCGA) identified somatic mutations in an average of 4.3 of these 279 genes for each tumor (s.d. of 4.4). TCGA samples with inactivating SMARCA4 mutations had more mutations in the other 278 genes sequenced (mean of 14) than the SCCOHT cases. Because the SMARCA2 and SMARCA4 proteins are mutually exclusive subunits within the BAF complex, we examined the co-occurrence of inactivating mutations in SMARCA2 and SMARCA4 in all nonhypermutated TCGA tumors. We found only one case with an inactivating mutation in SMARCA4 and a missense mutation in SMARCA2.
SMARCA4 mutations occurred throughout various exons and included nonsense, frameshift and splice-site mutations as well as a homozygous intragenic deletion of two exons (Fig. 1) . No missense mutations of SMARCA4 were identified. We validated sequence variants from all 12 cases using Sanger sequencing. cDNA was sequenced in seven samples, and all were found to have mutations that were expressed in the mRNA transcripts (Supplementary Fig. 1 ). Four cases harbored two inactivating mutations each in SMARCA4. The remaining eight cases harbored single inactivating mutations accompanied by loss of heterozygosity at the SMARCA4 locus (supported by analysis of adjacent SNPs); in each case, the frequency of the mutant allele was 0.75 or greater. TCGA cases demonstrated a correlation between inactivating mutations in SMARCA4 and decreased SMARCA4 gene expression across various solid tumors, suggesting that truncating mutations induce nonsense-mediated decay (NMD) (Supplementary Fig. 2) .
We performed immunohistochemistry analysis of SMARCA4 (BRG1) in the nine cases with available tissue using commercially available antibodies. High-grade serous ovarian cancer with wild-type SMARCA4 sequence served as a positive control. In cases 104, 105, 106, 108, 109 and 110, nonsense mutations resulted in the introduction of a premature stop codon within the ORF of the mRNA transcript. In cases 104, 105, 106 and 109, nonsense mutations were heterozygous with frameshift or splice-site mutations. Immunohistochemistry demonstrated loss of SMARCA4 nuclear staining, compared to retention of staining in the internal positive control cells, in all four cases with nonsense mutations with available tissue (Supplementary Fig. 3) . Case 111 had a heterozygous germline nonsense mutation with loss of the wild-type somatic allele and associated loss of protein expression in immunohistochemistry analysis. This case had a paucity of the pseudofollicular spaces that were more common in the remainder of the study cohort.
We confirmed a homozygous in-frame deletion of exons 25 and 26 detected in case 103 by Sanger sequencing of cDNA, with this alteration resulting in deletion of 102 amino acids of the helicase domain ( Supplementary Fig. 4 ). Amplification with upstream and downstream primer pairs confirmed that transcription continued downstream of this deletion. Immunohistochemistry showed the retention of protein expression. However, sequencing data confirming an impaired C-terminal helicase domain suggest that this deletion results in the translation of a truncated, non-functional, catalytically dead product. A homozygous in-frame deletion within exon 27 resulting in the deletion of four amino acids (ETVN) was detected in case 107. No additional tissue was available to demonstrate the effect of this deletion on protein expression.
Because of the precise location of the biallelic splice-site mutations within intronic sequence in the highly conserved AG donor region, we tested whether introns were retained in cases 101, 102 and 112. We identified preferential intronic expression, as expected, in cDNA sequenced from a representative tumor sample with a splicesite mutation (Supplementary Fig. 5 ). One-step RT-PCR confirmed continuation of transcription downstream of the splice-site mutations, suggesting that the splice-site mutations do not cause mRNA truncation. However, immunoblots and immunohistochemistry showed clear loss of SMARCA4 protein in cases 101 and 102 ( Fig. 2 and Supplementary Fig. 3 ). Case 112 had equivocal loss of protein expression in immunohistochemistry analysis, with tumor cells staining less intensely than normal tissue elements.
To determine the functional effects of SMARCA4 loss, we ectopically reintroduced SMARCA4 through electroporation in SMARCA4-null H1299 non-small-cell lung adenocarcinoma cells ( Supplementary  Fig. 6 ). Re-expression of SMARCA4 resulted in a dose-dependent suppression of cell growth. More p21 was also expressed, consistent with previous reports of the effect of SMARCA4 on cell cycle arrest 7, 8 . We then stably depleted SMARCA4 in 293T cells using lentivirusexpressed short hairpin RNA (shRNA), which led to an increase in cell growth as measured by XTT proliferation assay ( Supplementary  Fig. 7) .
Recurrent SMARCA4 mutations, found in 100% of the SCCOHT tumors sequenced as part of this study, were all inactivating and were associated with clear loss of protein expression in seven of nine cases, suggesting important oncogenic functions. SCCOHT 
Although the study was limited by a modest sample size due to the rarity of this disease, the identification of inactivating mutations in a single gene in all 12 tumors studied is consistent with the characteristics of a tumor suppressor and is supported by a pilot study of 2 SCCOHT cases with SMARCA4 mutations 9 . Most of the identified mutations affected the known helicase catalytic domains of SMARCA4, suggesting a potential role for these mutations in tumorigenesis. One case contained a germline mutation, which is consistent with previous reports suggesting a hereditary component to this disease 10, 11 . SMARCA4 mutations have previously been reported at low frequency in other solid tumors. Across all tumors characterized by TCGA thus far, SMARCA4 mutations have been detected in 3% of the 4,787 non-hypermutated samples. Mutation frequencies of 5-8% are present in bladder carcinoma, stomach adenocarcinoma, lung adenocarcinoma and lower grade glioma. Of the 128 somatic SMARCA4 mutations identified in the TCGA samples, 84% were missense variants of uncertain functional consequence (Fig. 1b) . Inactivating mutations in SMARCA4 were most common in lung adenocarcinoma, although still infrequent, and were associated with poor outcome (Supplementary Fig. 8 ).
SWI/SNF complexes function as master regulators of gene expression by remodeling chromatin to alter nucleosome conformation, making it more accessible to transcriptional activation. The highly homologous SMARCA4 (BRG1) and SMARCA2 (BRM) proteins are mutually exclusive ATP-dependent catalytic subunits of the BAF complex and coexist with ARID1A (BAF250A) or ARID1B (BAF250B) 12, 13 . SMARCA4 in the PBAF complex is associated with the PBRM1 (BAF180) subunit, which is absent in the BAF complex. Recent studies have demonstrated that silencing of SMARCA2 through RNA interference suppresses the growth of SMARCA4-deficient lung cancer cell lines and xenografts, suggesting a synthetic lethal relationship for these subunits 14 . ARID1A loss has recently been shown to be tumorigenic in an ovarian cancer lineage, suggesting that SMARCA4 loss might be sufficient for transformation mediated through BAF complex p53-dependent mechanisms 15 . Inhibitors of the SMARCA2 ATPase may be an effective approach for the treatment of SMARCA4-deficient tumors. Improved understanding of the function and characteristics of the SWI/SNF complex is now creating therapeutic opportunities for mutated tumors.
URLs. cBioPortal for Cancer Genomics, http://cbioportal.org/; DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) database, http://www.dsmz.de/.
MeTHOdS
Methods and any associated references are available in the online version of the paper. 
ONLINe MeTHOdS
Subjects and samples. After obtaining institutional review board (IRB) approval, we identified all affected individuals at the Memorial SloanKettering Cancer Center diagnosed with SCCOHT from 1998-2012. Because of the rarity of this disease, we identified only three cases with available tissue. We therefore contacted other academic centers and patient support groups to obtain nine additional cases. Informed consent was obtained from each patient or next of kin. A specialist in gynecologic pathology reviewed all cases to confirm diagnosis of SCCOHT. SCCOHT was diagnosed in the presence of a highly cellular and highly proliferative small cell malignancy with minimal stroma with follicle-like spaces (Supplementary Fig. 9) . The presence of a large cell or rhabdoid component was accepted as part of the spectrum of this disease. The following entities were excluded from consideration with a combination of morphological examination and immunohistochemistry analysis: small cell neuroendocrine carcinoma, juvenile granulosa cell tumor, poorly differentiated Sertoli-Leydig cell tumor, desmoplastic small round cell tumor, metastatic melanoma, lymphoma and rhabdomyosarcoma (Supplementary Table 4 ). Clinical data collection was limited to only age and year of diagnosis owing to Health Insurance Portability and Accountability Act (HIPAA) regulations. No family history was available. DNA and RNA were extracted from paired formalin-fixed, paraffin-embedded tumors with at least 50% tumor cell nuclei and normal tissue samples according to standard protocols. Germline DNA was derived from either peripheral lymphocytes or formalin-fixed, paraffin-embedded blocks of anatomically distant tissues, such as benign lymph nodes, and used as the source of normal tissue.
IMPACT assays. Paired normal and tumor samples were sequenced to a depth of at least 100× using target capture and massively parallel sequencing. We profiled genomic alterations in 279 key cancer-associated genes using IMPACT (Integrated Mutation Profiling of Actionable Cancer Targets), a custom hybrid capture-based deep sequencing assay 16 . The selected genes encompass all well-established oncogenes and tumor suppressor genes, including all druggable targets of therapies approved by the US Food and Drug Administration (FDA) and investigational agents in clinical trials at the Memorial Sloan-Kettering Cancer Center. Custom oligonucleotide probes were designed to capture all protein-coding exons and select introns from these 279 commonly implicated oncogenes, tumor suppressor genes and members of pathways deemed actionable by targeted therapies (Supplementary Table 3) . We prepared barcoded sequence libraries (New England BioLabs, Kapa Biosystems) and performed exon capture on barcoded pools by hybridization (Nimblegen SeqCap) using an input of 97-250 ng of DNA, as previously described 17 . Captured pools were sequenced on an Illumina HiSeq 2000 (2 × 75-bp reads), and reads were aligned to the reference human genome (hg19) using the Burrows-Wheeler Alignment tool 18 . Filtering for duplicates, local multiple-sequence alignment and recalibration of base quality scores were performed using the Genome Analysis Toolkit (GATK) according to GATK best practices 19 . Sequence data were analyzed to identify three classes of somatic alterations: single-nucleotide variants, identified using MuTect 20 ; small indels, identified using SomaticIndelDetector 19 ; and copy number alterations, identified as previously described 17 . All candidate mutations and indels were manually reviewed using the Integrative Genomics Viewer (Supplementary Table 5 ) 21 .
All mutations were validated using Sanger sequencing of both genomic DNA and RNA transcripts (cDNA) to confirm the somatic nature of the alteration and transcript expression. Primers spanning exon-intron boundaries 24, 27 and 18 were generated for cases 101, 102 and 112, respectively, to detect the presence of retained introns. For cDNA synthesis, the SuperScript III One-Step RT-PCR System (Invitrogen) was used according to the manufacturer's instructions.
Protein studies. Frozen tumor samples were available for two cases (cases 101 and 102).
Extracted protein was resolved by SDS-PAGE, transferred onto nitrocellulose and blotted with polyclonal antibody to Brg-1 (1:1,000 dilution; Santa Cruz Biotechnology, sc-10768) and with antibody to α-tubulin (1:1,000 dilution; Santa Cruz Biotechnology, sc-5546) as a loading control.
The immunohistochemistry staining method for SMARCA4 was optimized using several antibodies under a variety of different conditions until one was chosen on the basis of its ability to demonstrate consistent nuclear staining patterns in a small group of high-grade serous ovarian cancers serving as positive controls. One whole formalin-fixed, paraffin-embedded section from each of the available SCCOHT cases was evaluated with a commercially available polyclonal antibody against SMARCA4 (Upstate Cell Signaling Solutions, 07-478). Whole sections underwent epitope retrieval using heat by steaming with EDTA at pH 8 for 30 min. Antigen retrieval was followed by overnight incubation with the primary antibody at 4 °C (1:4,000 dilution). Detection of bound antibody was accomplished with biotinylated anti-rabbit IgG (1:500 dilution; Vector Laboratories, BA-1000) and ABC (Vector Laboratories, PK-6100). Diaminobenzidine (DAB) was used as the chromogen. For tumors with mutant SMARCA4 and loss of SMARCA4 protein expression, positive staining of blood vessels and stromal cells was used as an internal positive control. Absence of nuclear staining in tumor cells in the presence of internal positive control staining was scored as 'loss of expression' .
Before protein extraction, cells were washed with ice-cold PBS. Cells were lysed in RIPA buffer, and extracted protein was resolved by SDS-PAGE, transferred onto nitrocellulose and blotted with antibodies to Brg-1 (1:1,000 dilution; Santa Cruz Biotechnology, sc-10768), p21 (1:1,000 dilution; Cell Signaling Technology, 2947) and β-actin (1:10,000 dilution; Santa Cruz Biotechnology, sc-69879) as a loading control.
Computational and biostatical analyses. Mutation frequencies across TCGA tumor types were collated from data contained within the cBioPortal for Cancer Genomics 22, 23 . Background mutation frequencies for the 279 genes sequenced as part of this study were also obtained for TCGA tumor types, excluding hypermutated cases that carried more than 1,000 nonsynonymous mutations.
The probability of finding 1 gene mutated in all 12 samples when 279 genes are sequenced is given by 1 − (1 − p 12 ) 279 . This equation assumes that mutation of a given gene in a case is a Bernoulli trial with probability p, that the gene mutations are exchangeable and that these mutations are also independently and identically distributed across cases. We used P = 0.015, derived from TCGA samples as explained above.
Functional studies. Cell lines. The H1299 human non-small-cell lung carcinoma cell line was a kind gift from the Powell Laboratory (Memorial Sloan-Kettering Cancer Center). The cell line was authenticated in June 2013 by the STR DNA profiling method (Genetica DNA Laboratories) using the DSMZ database. H1299 cells were cultured in RPMI medium supplemented with 10% FCS. 293T cells were obtained from the American Type Culture Collection (ATCC) in September 2011. Cells were cultured in DME-HG medium supplemented with 10% FCS. All cells tested negative for mycoplasma.
SMARCA4 overexpression in H1299 cells. Plasmid containing SMARCA4 cDNA (pCMV6-XL5; Origene, SC323288) was transfected into H1299 cells by electroporation using Nucleofector (Amaxa). After 24 h, cells were counted using a TC10 Automated Cell Counter (Bio-Rad), and protein was extracted and analyzed by immunoblotting.
SMARCA4 knockdown and XTT proliferation assays in 293T cells. To knock down SMARCA4, the GIPZ SMARCA4 shRNA Viral Particle Starter kit (Thermo Scientific) was used. Transduction was performed according to the manufacturer's suggestions. Stable knockdown was achieved by selection with 2 µg/ml puromycin. XTT proliferation assays (ATCC, 30-1011K) were performed according to the manufacturer's suggestions. Cells (40,000) were seeded in a 24-well dish, and absorbance was measured at different time points npg
